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Introduction
Infected and mock-infected cells in the T25 flask were examined microscopically for cytopathic effect (CPE) at 0, 12, 18, 24, 30, and 36 hours post-infection with a Nikon TE-2000 and cells were photographed with a Canon-A700 digital camera. Images were imported into Adobe and slight adjustments made in brightness and contrast, but which did not alter image context with respect to each other.
Cell Fractionation
At 24 hours post-infection, L and H cells in the T75 flasks were collected and counted. To verify infection status of each culture, aliquots of all cultures were saved for virus titration and for Western blotting (see below). For comparative SILAC assays, equivalent numbers of L and H cells were mixed together, and the mixed cells were washed 3× in >50 volumes of ice-cold Phosphate Buffered Saline (PBS). For assays to confirm differential infection status, infected and mock-infected cells were processed separately. In assays destined for SDS-PAGE separations, washed cells were swollen in hypotonic buffer (10mM NaCl, 10mM HEPES, pH 7.5, supplemented with 1.1µM pepstatin A) for 30 minutes on ice, then cells lysed by 20 passages through a 30ga needle. Lysis was confirmed microscopically and nuclei and insoluble membranes pelleted at 5000xg for 10 minutes. The supernatant was saved as "cytosol". The nuclei and crude membranes were re-suspended in 200µl of 0.5% NP-40, incubated on ice for 30 minutes, and nuclei removed by pelleting at 5000xg for 10 minutes. The "crude membranes" (supernatant) were transferred to a fresh microfuge tube; and electrophoresis sample buffer was added to each of the three fractions (nuclear pellet, crude membranes and cytosol) which were then frozen at -80 o C until further processing took place. In assays destined for liquid chromatographic separations, washed cells were lysed with 0.5% NP-40, supplemented with 1.1µM pepstatin A, incubated on ice for 30 minutes, and nuclei removed by pelleting at 5000xg for 10 minutes. The cytosol and soluble membranes (supernatant) were transferred to fresh microfuge tubes; and the two fractions (nuclear pellet and supernatant) were frozen at -80 o C until further processing took place.
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Immunoblotting
Aliquots of unlabeled, and L-and H-labeled, infected and mock-infected cells were separately harvested, dissolved with 0.5% NP-40 as described above, and cytosolic fractions collected, mixed with SDS electrophoresis sample buffer, heated to 95°C for 5 minutes, and resolved in 5-15% mini gradient SDS-PAGE (6.0 × 10.0 × 0.1cm) at 180V for 50min (until the bromophenol blue tracking dye was at the gel bottom), and proteins transferred to PVDF. The PVDF membranes were briefly stained with Ponceau to confirm protein transfer, blocked with 5% skim milk, and probed with various antibodies. Primary antibodies were: mouse anti-influenza NP protein (74) , α-GAPDH, α-Vimentin, α-β-2-microglobulin, α-Vasp, rabbit anti-Actin, α-Rock2, α-Akt, α-cytokeratin 10, α-Bid, and goat anti-Parp. Secondary antibodies were Alexa488-conjugated goat anti-mouse for NP and GAPDH, Alexa488-conjugated goat anti-rabbit for actin, or appropriate HRP-conjugated rabbit anti-mouse, goat anti-rabbit or rabbit anti-goat for all other proteins. HRP was detected by enhanced chemiluminescence, and film and fluorescent secondary antibodies were visualized, and band intensities measured, with an Alpha Innotech 
Protein digestion
Protein content in the cytosolic and soluble membrane fractions collected as described above was determined using a BCA TM Protein Assay Kit (Pierce; Rockford, IL) and BSA standards. After protein concentration determinations, samples were diluted with freshly made 100mM ammonium bicarbonate to provide concentrations of ~1 mg/ml and pH ~8. Three hundred µl of each sample (~300 µg of protein)
were reduced, alkylated and trypsin-digested using the following procedure. Thirty µl of freshly prepared 100mM dithiothreitol (DTT) in 100mM ammonium bicarbonate was added. The samples were then 
Peptide fractionation using 2D RP HPLC
A newly developed orthogonal procedure (32,67) was employed for 2D RP (reversed-phase) high pH -RP low pH peptide fractionation. Lyophilized tryptic digests were dissolved in 200 µl of 20 mM ammonium formate pH 10 (buffer A for first dimension separation), injected onto a 1×100mm XTerra (Waters, Milford, MA) column and fractionated using a 0.67% acetonitrile per minute linear gradient (Agilent 1100 Series HPLC system, Agilent Technologies, Wilmington, DE) at a 150 µL/min flow rate.
Sixty 1-min fractions were collected (covering ~40 % acetonitrile concentration range) and concatenated using procedures described elsewhere (22, 67) ; the last 30 fractions were combined with the first 30 fractions in sequential order (i.e. #1 with #31; #2 with #32, etc.). Combined fractions were vacuum-dried and re-dissolved in buffer A for the second dimension RP separation (0.1% formic acid in water).
A splitless nano-flow Tempo LC system (Eksigent, Dublin, CA) with 20 µL sample injection via a 300µm×5mm PepMap100 pre-column (Dionex, Sunnyvale, CA) and a 100µm×200mm analytical column packed with 5µm Luna C18(2) (Phenomenex, Torrance, CA) were used in the second dimension separation prior to MS analysis. Both eluents A (water) and B (acetonitrile) contained 0.1 % formic acid as an ion-pairing modifier. A 0.33 % acetonitrile per minute linear gradient (0-30% B) was used for peptide elution, providing a total 2-hour run time per fraction in the second dimension.
Mass Spectrometry, Bioinformatics, and Data Mining
A QStar Elite mass spectrometer (Applied Biosystems, Foster City, CA) was used in a data-dependent MS/MS acquisition mode. One-second survey MS spectra were collected (m/z 400-1500) followed by MS/MS measurements on the 3 most intense parent ions (80 counts/sec threshold, +2 -+4 charge state, m/z 100-1500 mass range for MS/MS), using the manufacturer's "smart exit" (spectral quality 5) settings.
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Previously targeted parent ions were excluded from repetitive MS/MS acquisition for 60 sec (50 mDa mass tolerance). Protein Pilot 2.0 (Applied Biosystems) software was used for protein identification and quantitation. Raw data files (30 in total for each run) were submitted for simultaneous search using standard SILAC settings for QStar instruments. Proteins for which at least 2 fully trypsin digested L and H peptides were detected at >99% confidence were used for subsequent comparative quantitative analysis.
Raw MS data files were analyzed by Protein Pilot ® , version 2.0, using the non-redundant human gene database. Proteins, and their confidences and L:H ratios, were returned with gi accession numbers.
Differential regulation within each experimental dataset was determined by normalization of each dataset, essentially as described (43). Briefly, every L:H ratio was converted into log 2 space to determine geometric means and facilitate normalization. The average log 2 L:H ratios and standard deviation of the log 2 L:H ratios were determined for each dataset, both before, and after, computational removal of the few (up to 12) significant outliers found in a few datasets. Every proteins' log 2 L:H ratio was then converted into a z-score, using the formula:
Standard deviation of (log 2 of each member, a….n)
where "b" represents an individual protein in a dataset population a….n, and z-score is the measure of how many standard deviation units (expressed as "σ") that protein's log 2 L:H ratio is away from its population mean. Thus, a protein with a z-score > post-infection (hpi), and CPE was readily apparent at later time points (Fig. 1) . Therefore, in subsequent experiments, A549 cells were infected with the same MOI of PR8, cultured for 24h, and processed in order to allow the virus to exert maximal effect without demonstrable CPE.
2D-HPLC provides more extensive protein identification than 1D SDS-PAGE/1D-LC-ESI-MS.
Eukaryotic cells possess highly complex proteomes and peptide sample complexity must be reduced prior to MS-based interrogation (reviewed in (23, 75) ). There are several strategies for reducing sample complexity. We initially evaluated and compared gel-based purification of intact cellular proteins to HPLC purification of digested peptides. We then fractionated mixed L/H cells as described in Experimental Procedures to generate crude "cytosolic", "membrane", and "nuclear" fractions, each of which were separately resolved by 1-D SDS-PAGE/1D-LC-ESI-MS as described above. Approximately 250 -550 L/H protein pairs were detected and measured in each fraction in each of 2 biologic replicates, using stringent protein identification criteria of 2 complete L and H tryptic peptides and identification confidence ≥ 99% (Table 1 ). There were some common proteins found in different fractions, such that compilation of both 1-D SDS-PAGE/1D-LC-ESI-MS analyses identified 1002 pairs of proteins in the combined cytosolic and membrane fractions ( Fig. 2A) . As an alternate strategy, equivalent L/ H cell mixtures were washed, lysed with 0.5% NP-40 to obtain cytosolic and membrane fractions, proteins digested with trypsin, and peptides processed for 2D
HPLC/ESI-MS as detailed in Experimental Procedures. Analyses of 2 separate biological replicates processed this way identified more than 2100 pairs of proteins. More than 500 of the identified protein pairs were common to both the 1-D SDS-PAGE/1D-LC-ESI-MS and the 2D-HPLC/ESI-MS methods, and many proteins were also detected in the nuclear fractions ( Fig. 2A) .
Having established that 2D HPLC/ESI-MS identified more than twice as many protein pairs as 1D cytosolic proteins, with the expectation that the nuclear proteins will be studied more extensively at a later date.
Using the above criteria, we identified and measured 127 proteins that were significantly up-regulated ( Table T -1) . A total of 153 proteins were significantly down-regulated using the same inclusion and exclusion criteria as above ( Table 3) . Many of these, including 38 (such as ARHGAP5, cyclophilin-33A, and the Vav 3 oncogene) were highly significantly down-regulated (z-score < -4.0σ), and down-regulated > 100-fold.
Validation of SILAC ratios by Western blotting
To confirm some of the SILAC-determined protein ratios, we analyzed selected proteins in infected and mock-infected cells by immunoblotting. Although there are a limited number of appropriate immunological reagents for most of the SILAC-measured proteins we identified in this study, we confirmed that Vimentin and β-2-microglobulin were up-regulated (Fig. 3) . A number of proteins usually used as Western blot loading controls, such as GAPDH, which was found in every experiment at an L:H ratio of 1.1 ± 0.1, and Actin, with a measured average L:H ratio of 1.1, were present at equivalent levels Up-regulated proteins were assigned to 41 GOTERM biological processes at 95% confidence ( Fig host protein responses after influenza virus infection had only previously been reported after 2D-DIGE analysis, which identified 25 or fewer proteins (48, 72) . Here we present the application of SILAC and demonstrate several advantages relative to this earlier approach. While 2D-DIGE is excellent for resolving protein species that differ in post-translational modification, such as phosphorylation, it suffers several drawbacks, including a relatively low dynamic range and sample overloading (13), variability in labeling efficiency as well as labeling deficits for proteins lacking lysine or cysteine residues, and is unsuited for proteins at the extremes of molecular weight, alkalinity, or hydrophobicity (59) . Finally, ingel digestion methods are usually less efficient in allowing peptide identification than in-solution digestion which may partially explain why earlier studies identified less than 25 differentially-regulated proteins (48, 72) .
We used non-gel-based quantitative proteomic methods and identified and measured >120,000 SILAC-labeled peptides, which arose from >5000 host protein pairs. Almost 4700 cytosolic protein pairs were identified based upon stringent criteria that required 2 complete L and H tryptic peptides and protein identification confidence of 99% or greater. Of these, statistical tests indicated that 280 proteins (127 upregulated and 153 down-regulated) were reliably identified as significantly regulated at the 95% confidence limit. Up-regulated proteins included those involved in stress responses, regulation of mRNA transcription, translation initiation, cell structure, molecular binding and MHC-I mediated immunity pathways. Down-regulated proteins include those involved in alternative splicing, MHC-II mediated immunity, nucleoside, nucleotide and nucleic acid metabolism, adhesion and cytoskeleton regulation.
Several proteins (described in more detail below) had been previously described in other studies, but our application of SILAC in combination with multiple purification and fractionation schemes, identified more than 10 times as many differentially regulated proteins as have previously been identified in influenza virus infections. (54) and had been seen up-regulated by HIV infection (58), was also up-regulated almost 10-fold in our study, suggesting it may be activated by a broad range of infectious agents. Other notable innate immunity molecules that we found up-regulated include IFITM2, B2M, and the ISG15 ubiquitin-like modifier that is involved in IFN-induced inactivation of viral NS1 functions (78) .
Most previous quantitative proteomic analyses identified very few influenza virus-induced downregulated proteins. This might be expected because 2D-DIGE is generally limited to analysis of highabundance proteins (13,59,72). This would not be a limitation if barely-detectable proteins are upregulated above the detection threshold, but down-regulation of barely-detectable proteins below the detection limit might preclude their inclusion in the analyses. The down-regulated proteins we identified are involved in a very large number of cellular processes (Fig. 4) , and include, most notably, those Table 2 and down-regulated proteins listed in Table 3 could be hypothesized to have been affected by infection but will not be discussed further at this time, as they await further validation.
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In summary, we have applied SILAC to quantitatively measure the regulation of nearly 4700 host cytosolic proteins after human A549 lung cells were infected with prototype influenza lab strain A/PR/8/34. Most proteins measured by this non-biased approach were not substantially altered, having L:H ratios of approximately 1.0. We chose a relatively rigorous statistical cut-off by requiring proteins' z-score values to be >1.96 standard deviation units away from population means, corresponding to 95% confidence. Our study approach was unbiased with respect to any particular groups of proteins because we made no attempt to enrich for any subpopulation of proteins or specific modifications. This study could be extended by analyzing, for example, nuclei of infected cells or phosphorylated proteins. It also will be important to extend these types of analyses to other cell types, including primary airway cells and to other virus types, including more clinically relevant strains, such as the current pandemic H1N1 2009 influenza virus. These types of analyses should identify common, as well as unique, features of each virus-host interaction and may point the way to better designed anti-viral therapies.
Conflicts of Interest
The authors declare no conflicts of interest.
Figure Legends Tables 2 and 3 , as well as non-keratin proteins in Table 2 
